Abstract-One of the key technologies related to knowledge and data engineering is the acquisition of knowledge and data in the development and utilization of information system and the strategies to capture new knowledge and data. Actually, millions of documents, including technical reports, government files, newspapers, books, magazines, letters, bank checks, etc., have to be processed every day, and knowledge has to be acquired from them. This paper presents a new approach to document analysis for automatic knowledge acquisition. The traditional approaches have two major disadvantages: (1) They are not effective for processing documents with high geometrical complexity. Specially, the top-down approach can process only the simple documents which have specific format or contain some a priori information. (2) The top-down approach needs to split large components into small ones iteratively, while the bottom-up approach needs to merge small components into large ones iteratively. They are time consuming. This new approach is based on modified fractal signature. It can overcome the above weaknesses.
INTRODUCTION
S mentioned in the first issue of the IEEE Transactions on Knowledge and Data Engineering, one of the key technologies related to knowledge and data engineering is the acquisition of knowledge and data in the development and utilization of information systems and the strategies to capture new knowledge and data [4] . One of the most challenging topics is automatic acquisition of new data and knowledge [11] . In practice, much knowledge has to be acquired from documents, including technical reports, government files, newspapers, books, journals, magazines, letters, and bank cheques, to name a few. The acquisition of knowledge from such documents can involve an extensive amount of handcrafting on the part of the engineer. Such handcrafting is time consuming and limits the application of the information systems. Actually, it is a bottleneck of information systems. Thus, automatic knowledge acquisition from documents has become an important subject. A hopeful solution to this problem is to use a new technique-document processing, which belongs to a branch of artificial intelligence. It makes sense to acquire knowledge directly by analyzing and understanding documents. In the first issue in 1994 of the IEEE Transactions on Knowledge and Data Engineering, we introduced a survey on the techniques and problems involved in the automatic knowledge acquisition through the document processing [12] .
A document is considered to have two structures: geometric structure and logical structure. They play a key role in the process of the knowledge acquisition, which can be viewed as a process of acquiring the above structures. Extracting the geometric structure from a document refers to document analysis. Traditionally, two approaches have been used in document analysis, namely, top-down and bottom-up approaches [12] . Both approaches have their weaknesses:
• They are not effective for processing documents with high geometrical complexity. Specifically, the topdown approach can process only the simple documents which have specific format or contain some a priori information. It fails to process the documents which have complicated geometric structures, as shown in Fig. 1 .
• To extract the geometric (layout) structure of a document, the top-down approach needs iterative operations to break the document into several blocks, while the bottom-up approach needs to merge small components into large ones, iteratively. Consequently, both approaches are time consuming.
This paper will present a new approach based on the Modified Fractal Signature (MFS) for document analysis. It does not need iterative breaking or merging, and can divide a document into blocks in only one step. It is anticipated that this approach can be widely used to process various types of documents, including some with high geometrical complexity.
Fractals are mathematical sets with a high degree of geometrical complexity which can model many classes of time-series data as well as images. The fractal dimension is an important characteristic of fractals because it contains information about their geometric structure. Since Mandelbrot [5] proposed this technique, the subject of fractal dimension has drawn a great deal of attention from mathematicians, physicists, chemists, biologists, geologists, and electrical and computer engineers in various disciplines. Specifically, in the area of image processing, the fractal dimension has been used for image compression, texture analysis, image encoding, etc., providing a novel technique for achieving compression ratios of 10,000 to 1-or even higher [1] . Earlier results on texture analysis using fractal techniques were reported by Nguyen and Quinqueton [8] in which a one-dimensional fractal analysis along a space filling curve was used. A full two-dimensional analysis was performed by Pentland [10] , and the statistics of differences of gray level between pairs of pixels at varying distances were used as indicators of the fractal properties of the texture. Maragos and Sun [6] developed a theoretical approach for measuring the fractal dimension of arbitrary continuous-time signals by using morphological erosion and dilation function operations to create covers around a signal's graph at multiple scales.
Although the fractal dimension has such wide applications, it has not touched the document processing area. This paper aims at exploring the fractal dimension in document analysis for automatic knowledge acquisition.
In the beginning of this paper, the most basic concepts of fractals and several types of fractal dimensions related to our work will be introduced. Precisely, definitions of fractals from different views will be presented in Section 2. Actually, there exist a variety of fractal dimensions, the most important one being the Hausdorff dimension, which is based on a mathematical tool-measure theory-which makes analysis easy, and is suitable for any sets. In Section 2, both the measure theory and the Hausdorff dimension will be described. The mathematical theory of the Hausdorff dimension is complete and exact, however, it is difficult to implement. In practice, the box computing dimension is convenient to apply. Therefore, it will also be discussed in Section 2. To facilitate the application of the box dimension to digital images, the Minkowski dimension will be introduced in this section. The relationship between the box dimension and Minkowski dimension will also be supported by some theorems in Section 2. 
Section 3 forms the core of this paper. It contains a description of the new approach to document analysis based on the modified fractal signature. The basic idea of this approach is that a document image can be mapped onto a graylevel function. Furthermore, this function can be mapped onto a surface to approximate its fractal dimension. In this section, computing fractal dimension by measuring the surface area will be presented first. After that, a new method for document analysis using the fractal features will be presented, followed by an algorithm of computing the fractal signature.
The overall sequence of Section 3 can be summarized below: Experiments have been conducted to prove the effectiveness of this new approach in document processing, they will be reported in Section 4. Finally, conclusions will be given in Section 5.
BASIC CONCEPTS OF FRACTAL DIMENSIONS
In this section, the basic concepts of fractals will be introduced, and three types of fractal dimensions, namely, Hausdorff dimension, box-computing dimension, and Minkowski dimension, which are related to our work will also be discussed.
Definitions of Fractals
Before discussing the definitions of fractals, we will first introduce a mathematical terminology named topological dimension: The topological dimension is a complicated and advanced mathematical topic, more details about it can be found in [7] . What are fractals? There are many definitions, because it is very difficult to define fractal strictly. Mandelbrot 
• Usually, the fractal dimension of the set F is a fraction, and greater than the Topological dimension dim T F, namely:
Hausdorff Dimension
There exists a variety of fractal dimensions, the most important one being the Hausdorff dimension. Because it is based on a mathematical tool-measure theory-it is suitable for any sets and makes analysis of them easy.
Hausdorff Measure
Let U be a nonempty subset of n-dimensional Euclid space R n , and the diameter of U is defined as |U| = sup {|x y|: x, y ° U}, where sup{.} stands for the supremum of {.}. Thus, the diameter of U is the greatest distance apart of any pair of points in U. If {U i } is a countable collection of sets of diameter at most d that cover F, such that
we say that {U i } is a G-cover of F.
Suppose that F ® R n and s is a real number, and s 0. For any G > 0, we define
where the symbol inf{.} indicates the infimum of {.}. As G decreases, the class of permissible covers of F in (1) 
We can clearly prove that H s is a measure. Specifically,
If {F i } is any countable collection of Borel set, such that
Furthermore, if F is a Borel subset of R n , then the ndimensional Hausdorff measure of F can be deduced as:
where
• vol n (F) represents the n-dimensional volume of F which is called Lebesgue measure of F.
• vol 1 is length, • vol 2 is area, • vol 3 is the usual three-dimensional volume.
Consequently, Hausdorff measures generalize the familiar ideas of length, area and volume.
Hausdorff Dimension
Let us review (1). For any set F and
( ) is a nonincreasing function of s. According to (2) , it can be shown that H F s ( ) is also a nonincreasing function of s. In fact, the stronger conclusion is that if t > 0 and {U i } is a G-cover of F,
We take the infimum, that is 
and
A Borel set is called an s-set if the latter condition, as shown in the above, is satisfied. More details about Hausdorff dimension can be found in [2] , [3] . Of the wide variety of fractal dimensions in use, Hausdorff dimension is the oldest and probably the most important. Hausdorff dimension has the advantage of being defined for any set, and is mathematically convenient, as it is based on measures, which are relatively easy to manipulate. A major disadvantage is that, in many cases, it is difficult to calculate or to estimate by computational methods. In practice, boxcomputing dimension is convenient to apply. Therefore, our study will focus on the box-computing dimension.
Box-Computing Dimension (BCD)
In this section, we will introduce an important conceptdimension-followed by box-computing dimension (BCD).
Dimensions
Fundamental to most definitions of dimension is the idea of measurement at scale G. For each G, a set can be measured in a way that ignores irregularities of size less than G, and we see how these measurements behave as G 0.
Suppose F is a plane curve, the measurement M F
notes the number of sets (with length G) which divide the set F. A dimension of F is determined by the power law
for constants . and s, we might say that F has dimension s, and . can be considered as "s-dimensional length" of F.
Taking the logarithm of both sides in (5) yields the formula:
in the sense that the difference of the two sides tends to 0 with G, we have
From the above equation, s can be regarded as a slope on a log-log scale [2] .
Box-Computing Dimension
Box-computing dimension or box dimension is one of the most widely used dimensions. Its popularity is largely due to its relative ease of mathematical calculation and empirical estimation.
Let F be a nonempty and bounded subset of R n , W = {Z i : The upper and lower bounds of the box computing dimension of F can be defined by the following formulas:
where the over line stands for the upper bound of dimension while the under line for lower bound. An example of the upper bound and lower bound is shown in Fig. 3 . 
There exist five equivalent definitions of the box computing dimension, that can be found in the following theorem: (i) the minimum number of closed balls of radius d that cover F (Fig. 4b) ; (ii) the minimum number of cubes with side d that cover F (Fig. 4c) ; (iii) the minimum number of sets with diameter D that cover F such that D G (Fig. 4d) ; (iv) the number of G-mesh cubs which intersect F (Fig. 4e) ; (v) the maximum number of disjoint balls of radius G with centers in F (Fig. 4f) .
PROOF. This proof consists of four steps, namely:
Step 1: (i) ½ (ii) A cube with side length d must have only a ball of radius d n 2 that covers this cube. On the other hand, any ball of radius d must have a cube with side length 2d that covers this ball. Therefore, the definitions (i) and (ii) are equivalent.
Step 2: 
On the other hand, any closed ball B j of radius d can be regarded as a set of diameter at most 2d . Thus, it can be found that
Therefore, the definitions (i) and (iii) are equivalent.
Step 3:
where m 1 , m 2 , ..., m n are positive integers. In the case of n = 1, a "cube" in R 1 is a closed interval, while a "cube" in R 2 is a square when n = 2. Suppose that
a f is the smallest number of sets that cover F, and the maximum diameter of them isd n .
Because any cube in the G-mesh can be regarded as a set, in which the maximum diameter is d n , we have
On the other hand, any set of diameter with a maximum value of G must be covered in the cubes in the G-mesh, and the largest number of cubes is 3 n . Thus, the following inequality is true
According to the above two inequalities, we can conclude that the definitions (iii) and (iv) are equivalent.
Step 4: with the same centers as that of B i can cover F. Meanwhile, the closed balls of 2d can be considered as the sets of with a maximum diameter 4d . Therefore, we have the following inequality:
On the other hand, suppose that
are the sets of maximum diameter at G that cover F.
Because 
According to these two inequalities, we can conclude that the definitions (iv) and (v) are equivalent. When s = dim H F, we get that
Thus, when G 0, we have
Taking the logarithm of both sides in this inequality yields
Minkowski Dimension
To facilitate the application of the box dimension to digital images, we will introduce the Minkowski dimension, which is suitable for processing the digital images in computers. 
where, C n denotes the volume of a unit ball. We take the logarithm of both sides in the above inequality, and then divide it by log 2 G, giving log log log log log log
Taking the limits of both sides yields lim log log lim log log log log lim log log lim log log
Therefore, we obtain dim lim log log
On the other hand, suppose N F d ( ) is the number of disjoint balls of radius G, and their centers are in F. It can be shown that
We take the logarithm of both sides in the above inequality, and then divide it by log 2 G, getting log log log log log log
Taking the limits of both sides yields lim log log lim log log log log lim log log lim log log 
It is clear that log lim log In the remaining part of this paper, the Minkowski dimension will be used for automatic analysis of documents.
APPROXIMATION OF FRACTAL DIMENSION IN DOCUMENT IMAGES
The basic idea of this new approach is that a document image is mapped onto a gray-level function. Furthermore, this function can be mapped onto a gray-level surface, and from the area of such surface, the fractal dimension of the document image can be approximated. However, directly calculating the area of the gray-level surface of the document image is an obscure task. To simplify this computation, a special equivalent technique of the Minkowski dimension technique which was mentioned in the last section is applied in this study, referred as G Parallel Bodies. Using the G parallel body of the gray-level surface of the document image, we first thicken the gray-level surface, so that it becomes a 3D parallel body. Then, we calculate the volume of that body, since the calculation of a volume is much easier than that of a gray-level surface. A diagram of this process is illustrated in Fig. 5 . We call it the Modified Fractal Signature (MFS) approach, since the direct computation of fractal dimension of a document image is not used in this method, alternately, the volume of a G parallel body is estimated to approximate the fractal dimension. In this section, the preliminaries of G parallel bodies will be presented first. To solve the problem of computing the fractal dimension of a document image, a special form of the G parallel body, blanket, is applied, therefore, it will be stated in this section. Then a new method for document analysis using the modified fractal signature will be described. Finally, a significant algorithm will be presented.
G-Parallel Bodies
It is worthwhile discussing another equivalent definition of the box-computing dimension, which is a rather different form.
DEFINITION 10. G-parallel body FG can be defined by:
It is obvious that F d is a set of points, where the distance between F and any element of F d is not greater than G. We consider the rate at which the n-dimensional volume of F d shrinks as G 0. Specifically, in R 3 , we consider the following examples:
• F is a set containing only one point, i.e., F is a single point: F d is a ball (Fig. 6a) with volume of
• F is a set containing a segment of straight line with length of L: F d is a "cylinder" (Fig. 6b) with volume of
• F is a set containing a segment of curve with length of L: F d is a "sausage-like" (Fig. 6c) with volume of
• F is a set containing a plane with area of $: F d is a "brick" (Fig. 6d ) with volume of
In each case, the following formula holds:
where E is a constant, and the integer D is the Fractal Dimension of F.
Let F = {X i,j }, i = 0, 1, ..., K, j = 0, 1, ..., L be a document image with multigray level, and X i, j be the gray level of the (i, j)th pixel. In a certain measure range, the gray-level surface of F can be viewed as a fractal. The surface area can be used to approximate its fractal dimension.
Particularly in document processing, the gray level function F is a nonempty and bounded set in R 3 for either text areas, graphics areas, or background areas in a document. Thus, the G-parallel body can be applied, and a special technique that is referred to as the Blanket Technique is used to thicken the function F. It leads to a set F d , which is still a nonempty and bounded set in R 3 . According to the definition of the Minkowski Dimension and Theorem 4, we can conclude that if
where E denotes a constant, and Vol F Let A d ( ) be the area of the surface of the blanket, it can be represented as
In fact, A d ( ) is the area of the gray level surface of the image of a document.
To simplify the representation, we use notion E instead of the notion b 2
. Thus, (14) can be rewritten by
where E denotes a constant, and D stands for the fractal dimension of a document image. According to (15), the fractal dimension D can be computed from the area A d ( ). More precisely, taking the logarithm of both sides in (15) yields: This is an important formula to approximate the fractal dimension of a document image.
Blanket Technique and Modified Fractal Signature (MFS)
To compute the fractal dimension, we need to measure the area of the gray level surface. In our study, a "blanket" approach is used for this purpose [9] . The idea of the blanket technique is based on the equivalent definition of the BCD shown in (12), i.e., the G-parallel body. The basic idea of the blanket technique will be presented below:
In the blanket technique, all points of the threedimensional space at distance G from the gray level surface are considered. These points construct a "blanket" of thickness 2G covering this surface. A graphical illustration is shown in Fig. 7 . The document image is represented by a gray-level function g(i, j) . The covering blanket is defined by its upper surface u i j Initially, G = 0 and given the gray-level function equals the upper and lower surfaces, namely:
For G = 1, 2, ..., the blanket surfaces are defined iteratively as follows:
The image pixels (m, n) with distance less than one from (i, j) are taken to be the four immediate neighbors of (i, j).
Similar expressions exist when the eight-neighborhood is desired. A point f(x, y) will be included in the blanket for G when b x y f x y u x y
The blanket definition uses the fact that the blanket of the surface for radius G includes all the points of the blanket for radius G 1, together with all the points within radius 1 from the surfaces of that blanket (Fig. 8) . Equation (18) 
(20)
DEFINITION 11. As the volume VolG of the blanket is measured with radius G, the area of a fractal surface can be deduced, which is called fractal signature (FS)
A Vol
In this study, the latter will be used.
The area of a fractal surface behaves according to (15), namely:
from which the fractal dimension D can be computed. Since the dimension can be regarded as a slope on a log-log scale, to get the dimension, only two points are needed. We use two values of G to compute the fractal dimension, namely, we take G 1 and G 2 , then
When (23) is divided by (24), we have
Taking the logarithm of the both sides yields:
Thus, the fractal dimension D has been computed. According to the property of proportions, the following is true: 
Therefore, from log log log log 
Consequently, (17) and (25) are equivalent, namely: log log log log log log
Recall the formula of (17) is used to approximate the fractal dimension of document images, i.e., • In summary, they can be represented as
Consequently, in this paper, the volume Vol F 3 d b g of the thickened blanket F d is applied to identify different blocks in a document, instead of using the fractal dimension. We call such technique of approximating the fractal dimension "Modified Fractal Signature."
Modified Fractal Signature Approach to Document Analysis
In order to extract the geometric structure of a document, Modified Fractal Signature (MFS) is used in this paper. From the definition of the FS, i.e., (21), it is clear that the fractal signature is completely determined by the area of the surface which is a mapping of the gray-level function representing a document image. Consequently, the fractal signature reflects certain characteristics of the document image.
Consider a page of document F which consists of many regions which might be texts, graphics, and background areas. from which different fractal signatures can be estimated: 2 3 2 2 3 2 2 2  2 2 1 2 2 2 2 2  2 2 2 3 2 2 2 2  2 2 2 2 2 2 2 2  2 2 2 1 2 3 2 2  2 2 2 2 2 2 2 2  2 2 2 2 3 1 2 2  2 2 2 2 2 2 PROOF.
(The proof of it will be excluded, because it is very simple).
A graphical example can be illustrated in Figs. 10a and 10b. Fig. 10a is a part of a document with texts, while Fig.  10b shows the result of using the fractal signature, the bright parts indicate the higher values of the fractal signatures which represent the text regions. This is a very significant characteristic of the fractal signature. It can be used to identify different kinds of blocks in the document. This is the basic idea of this new approach for document analysis.
Algorithm
An algorithm has been designed to compute the fractal signature. It is based on the equivalent definition of the box computing dimension (BCD). More precisely, (18), (19), (20), and (22) are used for designing the following algorithm: Algorithm 1 (fractal signature) Input: a page of document image; Output: the geometric structure of the document;
Step-1. The whole image F is divided into several nonoverlapping subimages R k (x, y), and each subimage has size N N; Step-2. Step-5.
.., n into the whole fractal signature gives:
EXPERIMENTS
Experiments have been conducted to prove the effectiveness of the proposed new approach for document processing. All experiments have been conducted in both personal computer system PC/386/486, and Sun SPARCstation computer system. An HP scanner with resolution of 100-600 DPI is employed to capture the image of the documents which are scanned with multigray levels.
In our experiments, the whole image F is divided into several nonoverlapping subimages R k (x, y), and each subimage has size N N. The algorithm presented in the previous section is used. Here we concentrate our study to finding the upper and lower layers of the blanket for a given surface which represents a part of document.
Initially Two groups of documents have been tested in our experiments. The first group consists of two samples of documents where the document blocks have regular shapes. The geometric structures for these documents are not too complicated. Fig. 12a shows a portion of a page of newspaper. Fig. 12b illustrates the document blocks obtained from Fig. 12a by document analysis using the fractal signature. Furthermore, from these document blocks, the document geometric structure can be extracted and illustrated in Fig. 13 . In this figure, H1, H2 , and H3 stand for the "Headline Blocks" which represent titles of articles. T1, T2, ..., T6 indicate the "Text Line Blocks," corresponding to texts of different papers in the page. G1 means that this document contains only one graphic block.
Another example of the first group can be shown in Fig. 14 . The second group of documents used in our experiments are illustrated in Figs. 15 and 16 , where the document blocks have in-regular shapes. The geometric structures for these documents are complicated. We used the traditional methods, such as projection profile cuts, run-length smoothing (RLSA) to process them will fail because the document pages cannot be divided into correct blocks. The new approach has been applied to these complicated documents, and the positive results have been obtained shown in Figs. 15 and 16.
CONCLUSIONS
The knowledge acquisition bottleneck has become the major impediment to the development and application of effective information systems. To remove this bottleneck, new document processing techniques must be introduced to acquire automatically knowledge from various types of documents. A document has its geometric structure which plays a key role in the process of the knowledge acquisition from documents. Extracting the geometric structure from a document refers to document analysis. Document analysis as a branch of the document processing has grown rapidly during the past decade. So far, many techniques have been developed, but all of them can be classified into two approaches, namely, top-down and bottom-up approaches. Both approaches have their weaknesses, the top-down one becomes ineffective when the documents have higher geometrical complexity; either topdown or bottom-up needs iterative operations to break a document into several blocks to extract its geometric (layout) structure. Therefore, both approaches are time consuming. To overcome these problems, this paper presents a new approach that does not need iterative breaking, it can divide a document into meaningful blocks effectively. This approach can be used to processing documents with high geometrical complexity.
The basic idea of this new approach is that a document image can be mapped onto a gray-level function. Furthermore, this function can be mapped onto a surface which can be used to approximate its fractal dimension. Fractals are mathematical sets with a high degree of geometrical complexity which can model many classes of time-series data as well as images. The fractal dimension is an important characteristic of fractals that contains information about their geometrical structure. The proposed approach is based on such characteristics. More precisely, the fractal signature is completely determined by the area of the surface. The surface is a mapping of the gray-level function which represents a document image. Consequently, the fractal signature reflects certain characteristics of the document image. Baptist University. This work was also supported by the Ministry of Education of the People's Republic of China, and Sichuan University, China. We wish to express our gratitude to Professors Zhisheng You, Jiansun Nie, Hui Li, and other staff members at Sichuan University, China, for their assistance in this research project.
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